Seed nutrients reserves have direct relationship with seed functional traits and influence offspring performance. Effects of plant density, foliage boron (B) nutrition and mepiquat chloride (MC) growth regulation on seed nutrients reserves, seed mass and production, and emergence and offspring growth traits of cotton were studied in two years field experiment. Seed nutrients reserves and seed mass were decreased at higher maternal plant density relative to lower plant density with concomitant decrease in emergence and offspring seedling growth. However, maternal foliage B nutrition and MC growth regulation enhanced seed nutrients reserves, seed mass, emergence and offspring seedling growth performance. There was a significant positive relationship between seed mass and seed nutrients reserves indicating that changes in nutrient availability/uptake in response to maternal ecological factors determine variation in seed functional traits. Nonetheless, seed mass was positively correlated with emergence percentage and negatively with emergence timing. Furthermore, variation in offspring seedling growth traits with seed mass indicated the significance of initial seed nutrients reserves for early seedling vigour and establishment. In conclusion, lower maternal plant density, B nutrition and MC growth regulation ensued in higher emergence and offspring seedling growth of cotton because of higher seed nutrient reserves and seed mass.
Results
Seed mass and seed production. The lower plant density produced greater individual seed mass of cotton as compared to higher plant density, being 3.5 and 4.6% higher during 2014 and 2015, respectively (Table 1) . Foliage B nutrition enhanced the seed mass as compared to control; however, there was no significant difference between 600 mg/L and 1200 mg/L B. The heaviest seeds were produced by 1200 mg/L B nutrition, as compared to control (6.2 and 6.4% higher during 2014 and 2015, respectively) ( Table 1) . Likewise, single applications of MC at squaring and flowering increased the seed mass as compared to control but without significant difference between both stages of treatment. Mepiquat chloride application at squaring stage caused highest increase in seed mass (5.2 and 6% during 2014 and 2015, respectively). However, no significant interaction occurred regarding seed mass (Table 1) .
Cotton seed production ha −1 was higher by 16 .3% during 2014 and 9.9% during 2015 at higher plant density as compared to lower plant density (Table 1) . Boron nutrition across both plant densities and MC treatments improved the cotton seed production, as compared to control (13.5 and 12.8% during 2014 and 2015, respectively) ( Table 1) . Mepiquat chloride across all plant density and B treatments significantly improved the seed Scientific RepoRts | (2018) 8:7953 | DOI:10.1038/s41598-018-26308-5 production, as compared to control; with greatest increase caused by MC treatment at squaring stage (15% during 2014 and 13.6% during 2015) ( Table 1 ). During both years significant interactions of B with MC and B with plant density were observed, pertaining to cotton seed production ( Table 1 ). Cotton seed production was greatest when 1200 mg/L B was applied in combination with MC application at squaring stage ( Fig. 1a,b ). Likewise, B nutrition at 1200 mg/L at higher plant density led to the production of highest cotton seed ( Fig. 1c,d) .
A significant linear relationship between individual seed mass and seed production per plant occurred as affected by plant density, B nutrition and MC plant growth regulation, during both years. The linear relationship between seed mass and seed production per plant indicates that seed production varied uniformly by mean individual seed mass (Fig. 2 ). Seed nutrients reserves. Seed primary macronutrients (N, P and K) and micronutrients (B, Zn, Fe and Mn) reserves significantly differed between plant densities. Higher seed N (2.1 and 2.2%), P (5.1 and 8.2%), K (9.9 and 8.4%), B (19.9 and 20.5%), Zn (5.4 and 6.7%), Fe (4 and 3.6%) and Mn (8.6 and 7%) contents were produced at lower plant density as compared to higher plant density during 2014 and 2015, respectively (Tables 2 and 3 ). Significantly greater seed N (4.7 and 4.5%), P (8.3 and 12.1%), K (12.1 and 10.4%), B (31.6 and 36.4%), Zn (11.4 and 10%) and Fe (14.3 and 11.2%) reserves were observed in response to foliage B nutrition across MC and plant density treatments as compared to control, during 2014 and 2015, respectively. The P contents did not differ between 600 and 1200 mg/L B during 2015. However, Mn contents were significantly decreased (10.4 and 11%) with concomitant increase in B concentration during 2014 and 2015, respectively (Tables 2 and 3) . Compared with control, MC led to increase in seed nutrients reserves; although no significant differences occurred between both treatment stages except K during 2015 and B during both years. Across B and plant density treatments the greatest enrichment of seed with N (3.8 and 4.2%), P (8.3 and 12.1%), K (12.2 and 11%), B (18.2 and 17.8%), Zn (9.2 and 8.2%) and Fe (3.4 and 4.9%) was caused by treatment of MC at squaring stage, during 2014 and 2015, respectively. Seed Mn contents were decreased (5.8 and 4.7%) by MC application while there was no difference between both stages of MC application (Tables 2 and 3) .
Interactions of plant density, B and MC were non-significant for seed nutrients reserves (N, P, K, Zn, Fe and Mn); except B for which the interaction effects of B with MC and B with plant density were significant, during both years while interaction of MC with plant density was significant during 2015 (Tables 2 and 3 ). Seed B contents were substantially increased by application of 1200 mg/L B plus MC application at squaring stage ( Fig. 3a,b ). The B application at 1200 mg/L at lower plant density resulted in significantly higher seed B reserves ( Fig. 3c,d) . Similarly, MC application at squaring stage on lower plant density caused the greatest improvement in seed B contents during 2015 ( Fig. 3f ).
Seed nutrients contents (N, P, K, B, Zn and Fe) and individual seed mass were positively correlated in response to plant density, foliar B nutrition and MC growth regulation, during both years (Table 4 ). This positive relationship manifested that changes in seed mass and macro-and micronutrients contents were relatively uniform across treatments (Table 4 ).
Treatments

Individual cotton seed mass (mg)
Cotton seed production (kg ha −1 ) Emergence and seedling vigour. Final emergence and seedling vigour index were significantly greater from seed produced at lower plant density with concomitant decrease in mean emergence time. Higher final emergence (6.3 and 5.9% during 2014 and 2015, respectively) occurred at lower plant density than higher plant density ( Table 5 ). Foliage B nutrition of maternal cotton plants significantly improved the emergence and seedling vigour index. Final emergence was higher by 7.2 and 8.9 percentages during 2014 and 2015, respectively, by 1200 mg/L B nutrition, as compared to control. Moreover, compared with control, same B nutrition rate encountered a decrease in mean emergence time by 6.5 and 4.3% during 2014 and 2015, respectively (Table 5 ). Likewise, MC application at squaring stage on maternal plants was superior in improving the final emergence (6.7 and 7.8% during 2014 and 2015, respectively) and seedling vigour index (20.9 and 22.7% during 2014 and 2015, respectively) ( Table 5 ). The interactions of plant density, B nutrition and MC application were non-significant for final emergence and mean emergence time. However, the interaction effect of B with MC was significant for seedling vigour index during both years ( Table 5 ). Substantially greater seedling vigour index was perceived by 1200 mg/L B plus MC application at squaring stage, during both years ( Fig. 4a,b ). Linear regression manifested a linear increase in final emergence with seed mass (Fig. 5a ). However, there was a negative linear relation between seed mass and mean emergence time indicating a linear decrease in mean emergence time with increase in seed mass ( Fig. 5b ).
Offspring seedling growth. Seedling growth traits (root length, shoot length, root dry biomass and shoot dry biomass) of cotton in succeeding generation were significantly greater at lower plant density as compared to higher plant density (Table 6 ). Boron treatment on cotton plants effectively improved the offspring seedling growth traits of cotton and the effect was greater at 1200 mg/L B than lower concentration (600 mg/L) and control ( Table 6 ). Growth regulation by MC manifested a similar significant improvement in seedling growth traits as compared to control, during both years ( Table 6 ). The interactions for root length and shoot length were non-significant; however, interactive effect of B with MC on root and shoot dry biomass was significant, during both years ( Table 6 ). The greatest root and shoot dry biomass accumulation occurred by B nutrition at 1200 mg/L concentration in combination with MC treatment at squaring stage ( Fig. 6c,d ). There was a significant positive linear relationship between seedling growth traits and seed mass indicating that seedling growth traits were increased uniformly with increase in seed mass ( Fig. 7a-d ).
Discussion
The results of this study have revealed new information that maternal plant density, foliage B nutrition and MC growth regulation influence the offspring performance in terms of emergence and seedling growth plasticity in annual cultivated cotton.
Seed nutrients reserves, seed mass and production. Individual seed mass of cotton was decreased at higher plant density while increased by foliage B nutrition and MC growth regulation (Table 1 ). This might be attributed to variation in nutrient availability and uptake in response to maternal environmental variables as indicated by differential seed nutrients reserves (Tables 2 and 3 ). Cotton seed nutrients reserves were increased at higher plant density relative to lower plant density. However, in comparison with control, B and MC enhanced the seed nutrients contents at both plant densities except Mn (Tables 2 and 3 ). This variation in cotton seed nutrients reserves might be explained on the basis of root growth which is necessary for nutrient uptake 48 . The root growth is depressed at higher plant density due to competition 20 while increased by B 49 and MC 47 influencing the nutrient dynamics within plants. Moreover, B and MC alters the ability of plants for nutrient uptake and translocation through improved nutrient metabolism and assimilation 24, [50] [51] [52] . However, decreased seed Mn content by B may be attributed to their antagonistic effect with each other that led to decreased uptake and translocation 53 . Previous studies have reported similar results that plant and seed nutrients contents decreased at high plant density 15, 20 , while increased in response to B nutrition 24, 26, 27 and MC application 6, 14 . Although little attention has been given to the relationship between seed nutrients contents and seed size. In this study, positive linear relationship between seed nutrients contents (N, P, K, B, Zn and Fe) and seed mass ( Table 4 ) manifested that large sized seeds were better provisioned due to greater availability of nutrients to developing seeds. Previous studies have reported that seed provisioning is associated with nutrient availability which may be influenced due to soil nutrient gradient 2 , competition among plants for available resources 4 and/or nutrient enrichment 1 . Plants often growing in nutrient rich environments produce large sized seeds containing greater nutrient contents 17, 54 . In this study, the strength of relationship between concentration of nutrients and seed mass (Table 4 ) was strong enough to indicate that bigger seeds contained greater nutrients contents (mg per seed) than the smaller seeds because of higher nutrient concentration in response to maternal ecological factors. It is also evident from the calculations from seed mass and nutrients concentrations (Tables 1-3) that the seeds produced at lower plant density with B nutrition and MC growth regulation had greater nutrients reserves than seeds produced by plants at higher plant density and without B nutrition and MC growth regulation. Similarly, Balestri et al. 12 found higher C, N and P contents in bigger seeds of Posidonia oceanica than smaller ones.
In this study, individual seed mass was linearly related to seed production per plant of cotton ( Fig. 2 ). Therefore, although seed production per hectare was increased ( Table 1 ) but seed production per plant was decreased with increase in plant density due to decreased individual seed mass. However, seed production per plant and per hectare was increased by exogenous application of B and MC which was due to linear increase in seed mass ( Fig. 2 ; Table 1) . Similarly, N and P enrichment of maternal plants of Stipa krylovii and Artemisia frigida produced heavier seeds in temperate steppe ecosystem. Furthermore, a significant positive relationship existed between seed mass and seed production 1 .
Emergence and emergence timing. There was a positive linear relationship of seed mass with final emergence and emergence timing of cotton in response to plant density, B nutrition and MC growth regulation ( Fig. 5a,b) . The results of this study are consistent with the fact that heavier seeds germinate rapidly and gives better seed germination 55 . This indicates that bigger seeds having greater seed nutrients reserves are advantageous pertaining to emergence and emergence timing, and have more time for the seedling establishment. Moreover, lower seedling vigour index of seed from plants at higher plant density and higher seedling vigour index of seed from B and MC treated plants ( Fig. 4a,b ; Table 5 ) indicates that higher amounts of seed nutrients reserves in large sized seeds enhanced the emergence and emergence timing, and had better seedling establishment than smaller seeds with less nutrients reserves. Our results are consistent with previous reports that seed mass has relationship with germination and seedling vigour. van Mölken et al. 3 observed that higher germination percentage was produced by heavier seeds of Tragopogon pratensis subsp. pratensis from Asteraceae family. Ninh et al. 56 reported positive relationship between seed size and germination percentage of Angelica acutiloba. Yanlong et al. 55 reported that large sized seeds of Ligularia virgaurea had higher germination, germination rate and seedling vigour under both light and shade conditions. Offspring growth plasticity. The seedling growth of offspring significantly differed by the influence of plant density, B nutrition and MC growth regulation. The seeds from plants at higher plant density produced seedlings with lesser root and shoot length, and root and shoot dry biomass. On the other hand, seedlings from seeds produced by B and MC treated plants had greater root and shoot length as well as dry biomass, as compared to untreated control ( Fig. 6a-d ; Table 6 ). This growth plasticity can be explained by the fact that large sized seeds with greater nutrients reserves produce vigorous seedlings due to early head start and greater energy available 2 . It was also evident from significant linear relationship between seedling growth traits and seed mass ( Fig. 7a-d ) that bigger seeds produced more successful seedlings with more competitive ability than smaller seeds. The vigorous seedlings produced from bigger seeds with greater nutrients reserves have more competitive ability over seedlings from small seeds with less reserves 57 which is advantageous especially in agro-ecosystems where higher competitive ability of crop plants is beneficial in improving the system productivity with minimum inclusion of external inputs.
Results of this study suggest that offspring growth performance is affected more by seed nutrients reserves rather than seed phenotypic traits. This is because firstly, the seed phenotypic traits especially seed size is affected by nutrient availability 2,4,17,57 , as indicated by positive relationship between seed nutrients reserves and individual seed mass in this study. Secondly, increase in seed size (mass) may be the result of increased mass of seed structures (seed coat, awns etc.) rather than seed embryo or endosperm 1, 58 . Moreover, in this study a significant negative relationship between seed mass and mean emergence time (Fig. 5b) indicated that the seedlings from larger seeds started early vigorous growth and still had more time to develop due to greater amounts of nutrients reserves. Yanlong et al. 55 reported that seedlings of L. virgaurea produced from larger seeds had greater dry biomass. Similarly Kolodziejek 2 observed that maternal enrichment of S. krylovii and A. frigida with N and P produced heavier seeds that led to vigorous seedlings with higher initial growth.
In summary, plant density, B nutrition and MC plant growth regulation significantly affected the seed mass of cotton and seed nutrients reserves (N, P, K, B, Zn and Fe). The positive linear relationship between seed nutrients reserves and seed mass indicated that nutrient availability and/or uptake influence the seed phenotypic traits in response to maternal ecological factors. The variation in seed mass ultimately influenced the cotton seed production, offspring emergence and seedling growth plasticity. The results suggest that lower maternal plant density, B nutrition and MC growth regulation results in higher emergence and offspring seedling growth due to higher seed mass and nutrients reserves. This improved emergence and competitive ability of offspring seedlings of cotton through better management practices could be exploited to improve the agro-ecosystem productivity while reducing the input cost (e.g. seed, fertilizer, herbicide etc.).
Methods
Field experimental site. A Table 7 .
Field experimental design. This study was accomplished in two phases. In first phase, 2-year field experiment was conducted. The experiment was carried out using randomized complete block design with three-factor factorial arrangement including three replications. Net plot size was 6 m × 3 m. The treatment variables were two plant densities [lower plant density (53333 plants ha −1 ) and higher plant density (88888 plants ha −1 )], foliage applied B (0, 600 and 1200 mg/L B) and single foliar applications of MC solution with 70 mg/L concentration at two different growth stages viz. squaring and flowering. Control plants received water spray. The B was foliage applied five weeks after sowing using boric acid (17% B); while, MC [98% SP from Henan Haoyuhang Economic and Trade Co., Ltd] was foliar applied using a Knapsack hand sprayer at a pressure of 207 kPa. The spray volume for MC application at squaring was 300 L ha −1 while for B and MC application at flowering stage was 350 L ha −1 .
Field management. Cotton cultivar MNH-886 (Containing Bt gene, developed by Central Cotton Research
Institute, Multan, Pakistan) was sown on May 22 nd during 2014 and May 25 th during 2015. Prior to sowing, the scarification treatment of seed was carried out with commercial sulfuric acid (1:10 ratio of seed and acid) and treated with fungicide (dynasty CST 125 FS @ 3 g kg −1 seed). The sowing was carried out at beds using dibbler and keeping the inter row spacing of 75 cm while intra row spacing was varied according to the treatments i.e. 25 and 15 cm to maintain plant densities of 53333 and 88888 plants ha −1 , respectively. Seed rates of 15 and 25 kg ha −1 was used for attaining plant densities of 53333 and 88888 plants ha −1 , respectively and 2-3 seeds were sown per hill. Thinning was carried out 25 DAS to keep the desired plant densities. Fertilization was carried out at the rate of 200-120-110 kg NPK ha −1 using urea (46% N), diammonium phosphate (18% N: 46% P 2 O 5 ) and sulfate of potash (50% K 2 O), during both years. All P, K and 1/3 rd N was applied at sowing; while, remaining N was applied at squaring and boll formation stages in equal splits. The crop was irrigated eight times during 2014 and five times during 2015 besides irrigation applied at sowing keeping the crop and weather conditions in consideration.
During second year, occurrence of heavy rainfall decreased the irrigation requirements (Table 7) . Plant protection measures were carried out according to the local recommendations in order to keep the weeds, insect pests and diseases below economic threshold level.
Measurements of seed mass and seed nutrients reserves. The crop was harvested in two manual pickings. The seed cotton obtained from all pickings was mixed and ginned using roller type, hand-fed laboratory gin. Cotton seed production (kg ha −1 ) was determined after ginning. Individual cotton seed mass was determined by taking the mean mass of 100 seeds collected randomly after ginning. The delinted seed samples were assayed to determine the concentration of macro and micronutrients. The delinted seed samples were dried under sun and electric oven at 70 °C for 24 h, ground to powder form (Cyclotec 1093 Sample Mill, Sweden) to pass through a 30-mesh screen. The samples were digested using sulfuric acid and catalyst mixture and the N was determined by Kjeldhal distillation method as described by Estefan et al. 59 . The P was analyzed by ammonium-vanadomolybdate colorimetric method at 410 nm using the same extract 59 . For determination of K and micronutrients viz. Zn, Fe and Mn the samples were soaked over-nightly in di-acid mixture and digested on block digester. The K was determined by flame photometer using the method of Chapman and Pratt 60 ; while, Zn, Fe and Mn were assayed using the atomic absorption spectrometer according to the method described by Estefan et al. 59 . Boron was determined by dry ashing the ground seed material in muffle furnace at 550 °C for 6 h 60 . The ash was taken in 0.36N H 2 SO 4 and the B concentration was determined by spectrophotometer at 420 nm wavelength using azomethine-H colorimetric method 61 . The contents of seed macronutrients (N, P and K) was expressed as mg g −1 dry weight (DW) and micronutrients (B, Zn, Fe and Mn) as µg g −1 DW.
Soil bioassay.
In second phase, the seed collected from maternal plants was subjected to soil bioassay to assess the emergence and offspring plasticity in seedling growth. The bioassay was not carried out immediately after collection of seed, instead seeds were stored at room temperature (25 °C) to avoid effects of dormancy and poor seed germination. The bioassay was performed in subsequent year every time after collection of seed i.e. 2015 and 2016 (however, hereafter we shall call the years 2015 and 2016 as 2014 and 2015, respectively, to avoid confusion). The experiment was conducted by using completely randomized design with factorial arrangement and three replications. Ten seeds were sown in soil filled pots (25 cm diameter and 20 cm height) following scarification treatment with sulfuric acid (1:10 ratio of seed and acid). At the start 150 mL of deionized water was applied to each pot and then according to the requirement. The experiments were observed for 30 days. The average maximum temperature was 31.1 and 33.0 °C, and minimum temperature was 19.3 and 19.7 °C during first and second year, respectively, during the period of experiment.
Measurements of emergence and seedling growth. The seedlings emerged were counted daily up to the end of experiment as per method of Association of Official Seed Analysts 62 . Final emergence percentage was calculated by using following the formula; 
where, n is the number of emerged seedlings on day D and N is the total number of germinated/emerged seeds. At the end of experiment, seedlings were uprooted and their shoot and root lengths were measured. Shoots and roots were separated and dried in oven at 70 °C till constant weight to measure the dry biomass accumulation. Seedling vigour index (SVI) was calculated using the equation of Abdul-Baki and Anderson 64 Statistical analyses. Rainfall, air temperature and accumulation of heat units were different in 2014 and 2015 from May through November at field experimental site, therefore data of each year was analyzed separately. All the data were analyzed using the Univariate General Linear Models (GLM) procedure of SPSS 19. The plant density, B and MC were entered as fixed factors while replication (block) was entered as random factor. The treatments' means were compared by using the Tukey's honest significance difference (HSD) test at 5% probability. Pearson's coefficients were calculated to determine the correlation between seed mass and seed nutrients contents (N, P, K, B, Zn, Fe and Mn) to test the effect of plant density, B nutrition and MC growth regulation on seed nutrients and seed mass. Linear regression analyses were performed to determine the quantitative relationship of individual seed mass with seed production, final emergence, mean emergence time and seedling growth traits.
